Objective-To document whether the act of respiration influences pulmonary blood flow in patients after the Fontan operation. Design-Prospective study in which patients acted as their own controls.
Since Fontan and Baudet's description of the atriopulmonary anastomosis for the palliation of complex congenital heart disease,' there has been considerable debate regarding the determinants of blood flow through a pulmonary vascular bed when no ventricular pumping chamber is present. For the most part this debate has centred around the importance of atrial contraction in providing an energy source for pulmonary blood flow. The potential contribution of the atrial pump to an atriopulmonary circulation was first suggested 36 years ago2 and most recently re-emphasised in this journal.3 Conversely, others have suggested that atrial activity provides no additional energy to pulmonary blood flow,45 so that the Fontan circulation has been described as one for which the sole net energy supply originates in the left ventricle. 6 While the role of the right atrium in providing energy to the Fontan circulation continues to be explored, the potential role of other possible energy sources must not be forgotten. We showed that respiratory effort seems to be a powerful determinant of pulmonary blood flow in patients after total cavopulmonary connection,7 in which the right heart is completely bypassed. Furthermore, we attempted to augment the effect of normal respiration on the pulmonary circulation in these patients with negative extrathoracic pressure ventilation and we found that pulmonary blood flow increased with this technique.8 Though the potential implications of respiratory effort for pulmonary blood flow in patients after the Fontan operation have been mentioned,9 they have not been formally assessed.
We investigated whether respiratory effort influenced pulmonary blood flow in patients after the Fontan operation, in whom a subpulmonary atrium is incorporated into the pulmonary circulation.
Patients and methods

PATIENTS
Sixteen patients (11 male and five female; mean (lSD) age 119 (45 6) months) were studied 38-5 (31-5) months after atriopulmonary anastomosis. Nine patients had a preoperative diagnosis of tricuspid atresia, five had double inlet left ventricle, one had double inlet right ventricle, and one patient had double outlet right ventricle with abnormal insertion of the tricuspid valve tensor apparatus which precluded a biventricular repair. Atriopulmonary anastomosis was performed in all patients (by direct suture in eight and via an interposition homograft conduit in eight). The Inspiration, furthermore, resulted in an increase in peak forward flow velocity during atrial systole from 39 8 (16-6) cm/s to 51-3 (19 9) cm/s (p < 0-001).
EFFECT OF ATRIOVENTRICULAR CONNECTION
During expiration the atrial contribution to forward flow in the pulmonary artery tended to be higher in patients with double inlet ventricle (57-4 (6-7)%) than in patients with tricuspid atresia (48-6 (8&9)%), although this difference did not reach statistical significance (p = 0 059). Similarly, during inspiration, no significant difference in either the atrial contribution to forward flow or the peak forward flow velocity was seen in the two groups.
RETROGRADE PULMONARY FLOW
Retrograde flow was seen in the pulmonary artery during early ventricular systole in nine patients. While it was not possible to quantify the amount of retrograde flow, qualitative assessment suggested that the retrograde flow was less appreciable during inspiration.
Discussion
The results of this study are consistent with previously published observations of Doppler flow patterns in the pulmonary artery of patients with an atriopulmonary circulation which suggest that right atrial contraction may contribute to forward flow in the pulmonary artery.310 The addition of simultaneous respirometry, however, provides further information about the determinants of blood flow in the atriopulmonary circulation.
It has been suggested that in the normal circulation the right atrium is at the peak of its work-function curve." Normal inspiration is associated with an increase in right atrial preload"2 and it thus might be expected that inspiration (especially, in patients after the Fontan operation in whom the right atrium is operating further along the work-function curve than in normal subjects) would be associated with a reduction in the relative contribution of atrial contraction to pulmonary flow. Our observation that forward flow during atrial contraction is increased by inspiration, suggests that even in patients after the Fontan operation some preload reserve may be maintained by the right atrium. An alternative explanation for these data would be that during inspiration forward flow related to atrial contractility is unchanged but the inspiratory increase in pulmonary forward flow during atrial systole is a manifestation of additional passive flow with the atrium acting as a conduit during inspiration. Perhaps more important is the overall contribution that atrial contraction makes to cardiac output after this operation. Clearly, in the absence of inflow valves, atrial contraction will not only lead to forward flow in the pulmonary artery, but also to retrograde flow into the systemic veins.'0 The lack of a mean pressure rise from systemic veins to pulmonary artery has been suggested as evidence against "effective" pump function of the atrium in the Fontan pulmonary circulation.' While there can be no doubt that the atrium is an inefficient pump under these circumstances, a direct extrapolation from pressure measurements to energy state may be somewhat simplistic. Pressure-volume loops from the normal right atrium, clearly show that external work is being imparted to the circulation."2 The relative proportions of anterograde flow towards the pulmonary circulation and of retrograde flow towards the systemic veins will depend on the relative hydraulic impedence to flow in the pulmonary vascular and the systemic venous beds. A comprehensive assessment of atrial work-function and pulmonary vascular impedence in patients after the Fontan operation is required.
There can be no doubt, however, that the lungs are a potentially important additional source of energy to the Fontan circulation. In our patients a 64% increase in total forward pulmonary flow was seen during normal inspiration. The loss ofthis augmentation offlow, for example, during positive pressure ventilation, may lead to a significant reduction in cardiac output. Indeed, such a reduction has been shown during the application of low levels of positive end expiratory pressure to patients after the Fontan operation. 13 We have previously shown a considerable effect of respiration on pulmonary blood flow in patients after a total cavopulmonary shunt operation, when there is no atrial chamber interposed between the systemic veins and the pulmonary artery.7 In these patients it is possible to augment this effect and increase pulmonary blood flow by negative extrathoracic pressure.8 Based on the results of the present study one might expect a similar effect in patients after atriopulmonary circulation. The potential clinical benefits to patients requiring assisted ventilation after atriopulmonary anastomosis are obvious.
In summary, normal inspiratory effort significantly augments pulmonary blood flow in patients after the Fontan operation. Further studies are required to assess the complex interrelation between atrial preload, atrial contractility, and forward pulmonary blood flow, but it seems that spontaneous respiratory effort is an important additional energy source for pulmonary blood flow in these patients.
